Effects of the long-range cohesive forces in binary particle packing
  dynamics by Ferraz, Carlos Handrey Araujo
ar
X
iv
:2
00
4.
13
71
8v
1 
 [c
on
d-
ma
t.s
tat
-m
ec
h]
  2
8 A
pr
 20
20
Effects of the long-range cohesive forces in binary particle packing dynamics
Carlos Handrey Araujo Ferraza,∗
aExact and Natural Sciences Center, Universidade Federal Rural do Semi-A´rido-UFERSA, PO Box 0137, CEP 59625-900, Mossoro´, RN, Brazil
Abstract
Studies on random packing of bidispersive particles have shown that such systems can capture the underlying be-
havior of more complex phenomena found in physics and materials engineering. In industry, bidispersive particles
are used to allow the increase of density and fluidity of the formed compounds. The understanding of the dynam-
ics of these processes is therefore of great theoretical and practical interest. In this paper, we perform molecular
dynamics (MD) simulations to study the packing process of particles with binary size distribution. Samples with
different particle population densities (p) as well as particle size ratios (λ) have been assessed. The initial positions
of five thousand non-overlapping particles are assigned inside a confining rectangular box. After that, the system is
allowed to settle under gravity towards the bottom of the box. Both the translational and rotational movements of each
particle are considered in the simulations. In order to deal with interacting particles, we take into account both the
contact and long-range cohesive forces. The normal viscoelastic force is calculated according to the nonlinear Hertz
model, whereas the tangential force is calculated through an accurate nonlinear-spring model. Assuming a molecu-
lar approach, we account for the long-range cohesive forces using a Lennard-Jones(LJ)-like potential. The packing
processes are studied assuming different long-range interaction strengths. We carry out statistical calculations of
the different quantities studied including packing density, radial distribution function and orientation pair correlation
function.
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1. Introduction
The random packing of spherical particle has been
an interesting tool used to capture the underlying be-
havior of more complex phenomena for applications
in physics and materials engineering such as model-
ing ideal liquids [1, 2], granular media [3], amor-
phous materials [4, 5], emulsions [6], glasses [7], jam-
ming [8], ceramic compounds [9, 10] and sintering pro-
cesses [11, 12]. Understanding the structure of random
close-packed particles is important because its physical
properties may depend on the packing features such as
packing density and mean number coordination. The
packing density (i.e., the volume ratio occupied by par-
ticles to the total aggregate) is affected by the parti-
cle size distribution, particle shape, and long-range co-
hesive forces. In general, random packing structures
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possess packing densities that increase with increas-
ing width of the size distribution [13–16], increasing
sphericity, and decreasing long-range cohesive forces.
For micro-sized particles, both van der Waals and elec-
trostatic forces play an important role in particle re-
arrangements as they dominate the dynamical packing
process [17, 18], forming local particle clusters [19–22]
that can eventuate into large percolation clusters [23]
depending on the nature of the particles involved.
There have been few earlier experimental and compu-
tational studies concerning the micro-sized binary par-
ticles packing in which long-range cohesive forces have
to be taken into account to describe the adequate behav-
ior of the colliding particles involved in these dynami-
cal processes. Forsyth et al [24] experimentally inves-
tigated the influence of van der Waals forces in hard-
sphere packing; however, they did not take into account
neither the impacts caused by electrostatic force nor
bidispersity. Yen and Chaki [19], Cheng et al [21] and
Yang et al [20] each applied a simplified version of the
so-called distinct element method [25] to study the ef-
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fects of both van der Waals and frictional forces present
in hard-sphere packing processes but also did not con-
sider binary particle size distributions in their investi-
gations. More recently, a computational study [22] has
considered particle packing dynamics using both Gaus-
sian and bimodal (binary) size distribution in which the
van der Waals forces were calculated using the stan-
dard Hamaker form [26], but without including the elec-
trostatic forces between particle pairs or even address-
ing packing processes upon varying the intensity of the
long-range forces.
The present study has the purpose of addressing the
effects of the long-range cohesive forces on packing dy-
namics with binary particle size distribution by making
use of a molecular approach of these forces through a
modified version of the Lennard-Jones (LJ) potential,
completing thus prior works [22, 27] on particle pack-
ing with non-Gaussian distributions. The relationship
between packing observables, such as density and ra-
dial distribution function (RDF), and dominating long-
range forces might be useful for better understanding
the interconnection between microscopic and macro-
scopic properties of the particle packing.
More specifically, for large particulate systems, such
molecular approach can be guaranteed provided it is re-
minded that when two microspheres (with radius r) are
separated by a certain distance d >> r, the effective po-
tential (Φ) is analogous to that between two molecules,
i.e., falling off as Φ(d) ∝ −1/d6 [18, 28]. Assuming
the validity of this modified LJ approximation, we are
able to account for the long-range forces involved in the
packing process in a simple way. The main advantage
of this assumption is to embed both electrostatic (repul-
sive electronic clouds) and van der Waals forces in the
simulations by using few control parameters. This ap-
proximation has therefore allowed us to study a variety
of different packing cases by considering LJ particles
with different potential well depths, which play a domi-
nant role in the strength of these long-range forces.
In this paper, we perform molecular dynamics (MD)
simulations to study the packing process of spheres us-
ing binary particle size distribution. Both the trans-
lational and rotational movements of each particle are
considered in the simulations. We take into account
both the contact and long-range cohesive forces. The
contact forces result from the deformation of the col-
liding particles, which can be decomposed into two
main types: the normal viscoelastic force and the tan-
gential force. The normal viscoelastic force is cal-
culated according to the nonlinear Hertz model [29,
30], whereas the tangential force is calculated through
a nonlinear-spring model that is derived from the
Mindlin–Deresiewicz theory [31]. Based on the molec-
ular framework assumption, we account for the long-
range forces using a modified LJ potential. The packing
processes were studied by applying different long-range
interaction strengths. We performed statistical calcula-
tions of the different quantities studied including kinetic
energy, packing density and mean coordination number
as the system evolved over time. Furthermore, we cal-
culated the radial distribution and orientation pair cor-
relation functions of the formed packing structures.
The content of the manuscript is organized as follows.
In section 2, we describe in detail, the model and MD
simulations. In section 3, we present and discuss the
results. Lastly, in section 4, we draw the conclusions.
2. Model and Molecular Dynamics Simulation
The equations of motion of an i-th particle of massmi
and radius Ri are:
mi
d2~ri
dt2
=
∑
j
( ~Fni j +
~F ti j +
~FLJi j ) + mi~g (1)
and
Ii
d~ωi
dt
=
∑
j
Ri nˆi j × ~F ti j − γr Ri| ~Fni j| ~ωi, (2)
where ~ri is the position, ~ωi is the angular velocity, nˆi j is
the unity vector in the direction j → i, γr is the rolling
friction coefficient and Ii = 2/5miR
2
i
is the moment of
inertia of the particle.
In the above equations, ~Fn
i j
is the normal viscoelas-
tic force, ~F t
i j
is the tangential friction force, ~FLJ
i j
is the
LJ force between the i- and j-th particle, and ~g is the
gravity acceleration. The normal viscoelastic force ~Fn
i j
is derived from the nonlinear Hertz theory, and it can
written as
~Fni j = [
2
3
E
√
R¯ δ3/2n − γnE
√
R¯
√
δn(~vi j · nˆi j)]nˆi j, (3)
where E is the elastic modulus of the two particles,
R¯ = RiR j/(Ri + R j) is the effective radius, δn is the de-
formation which is expressed by
δn = (Ri + R j) − (|~ri(t) − ~r j(t)|), (4)
~vi j is the relative velocity between i- and j-th particle,
and γn is the normal damping coefficient.
The tangential friction force ~F t
i j
is calculated accord-
ing to the Mindlin-Deresiewicz theory as
~F ti j = γt| ~Fni j|
1 −
(
1 − |δt||δmax|
)3/2 tˆi j, (5)
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Figure 1: Snapshots of a typical packing process with binary distribution inside a (160 × 160 × 200) µm box at the instants (a) t = 0.0ms and
(b) t = 10.0ms. The parameters used in this simulation are given in Table 1 with a population density p = 0.50 and an interaction strength of
ε = 10.0 µJ. Large particles (a = 4.0 µm) are in blue and small particles (b = 2.0 µm) are in red.
where γt is the friction coefficient, tˆi j is the unit vector
perpendicular to nˆi j, δt is the tangential displacement
which is determined as
δt =
tc∫
0
(~vi j · tˆi j + Ri nˆi j × ~ωi + R j nˆi j × ~ω j)dt, (6)
where the above integral is calculated during the contact
time tc between the particles [32, 33]. The δmax is the
maximum tangential displacement and in the condition
that δt > |δmax|, the sliding friction takes place between
the particles. In Eqs. 3 and 5, E and δmax are given,
respectively, by
E = Y/(1 − ξ2) (7)
and
δmax = γt
2 − ξ
2(1 − ξ)δn, (8)
being Y the Young’s modulus and ξ the Poisson’ ratio.
The LJ force between the particles i and j can be eval-
uated as
~FLJi j =
24ε
σ
2
(
σ
ri j
)13
−
(
σ
ri j
)7 nˆi j, (9)
where ri j is the distance between the particles, ε is the
well depth of the LJ potential, which rules the strength
of the interaction, and σ = 2−1/6(Ri + R j) defines the
hard core of the potential. Here, it is important to say
that the LJ force is only activated when ri j > Ri+R j. For
ri j ≤ Ri + R j, the contact forces given by Eqs. 3 and 5
take over control of the particles’ driving. Besides that,
we have also used a cutoff at ri j = 3 (Ri + R j) for saving
time during the simulations.
Due to its effectiveness and symplectic feature, a ve-
locity Verlet algorithm [34] was used to integrate the
Eqs. (1) and (2). Frictional forces helped to ensure sta-
ble simulations when taking a time-step δt = 10−6s.
The average CPU time per particle required to update
the phase-space coordinates of the system was around
0.75 µs on one 3.70 GHz Intel microprocessor.
Table 1: Parameters used in the simulations.
Parametera Value
Number of particles (N) 5000
Particle size scale (r) 1.0 µm < r < 10.0 µm
Particle density (ρ) 2500/π kg/m3
Minimum potential energy (ε) 0 − 35.0 µJ
Young’s modulus (Y) 108 N/m2
Poisson’s ratio (ξ) 0.30
Normal damping coefficient (γn) 0.05 s
Tangential damping coefficient (γt) 0.30
Rolling friction coefficient (γr) 0.002
a It is assumed that both particles and walls have the same phys-
ical parameters.
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(a) Case p = 0.20 (b) Case p = 0.70
Figure 2: Plot of the average kinetic energy per particle for particle binary distribution (a = 4.0 µm, b = 2.0 µm) as a function of time considering
three different ε values. Both the cases p = 0.20 (a) and p = 0.70 (b) are shown. The steady state is reached more rapidly for the case p = 0.70
than for the case p = 0.20.
3. Results and Discussion
In this work, the particle packing processes were in-
vestigated using binary particle size distributions with
different population density p for smaller particles, i.e.,
the formed samples are composed by a density p of
smaller particle and a density q = 1 − p of bigger
ones. In addition, we have also considered different
long-range interaction strengths ε. The initial positions,
as well as the radii of 5000 non-overlapping particles
were assigned inside a confining (160 × 160 × 200) µm
box by using a random number generator [35]. As a way
to get around the cumbersome problem of inserting non-
overlapping particles inside the box, the bigger particles
were randomly put into the box before the smaller ones.
Moreover, in order to avoid the complicating effects of
the pouring rate, the particles were suspended along the
box at the beginning of the simulation. After that, the
particles were pulled down by gravity and started to col-
lide each other. Here, no periodic boundary conditions
were assumed and, hence, the particle-wall interactions
had also to be taken into account.
The binary distribution is represented by
f (r) = (1 − p)δ(r − a) + pδ(r − b), (10)
where, as explained above, p is the population density
for smaller particles of radius a and δ(r− x) is the Dirac
delta function defined by
δ(r − x) = 1
2π
∞∫
−∞
eiω(r−x)dω. (11)
Therefore, the binary distribution consists of particles
with two distinct radii. The shape of this distribution
is determined by the size ratio λ = b/a, which is the
ratio of radii of small particles to large particles, and by
the population density (number ratio) p = f (b)/( f (a) +
f (b)). Note that
∫ b
a
f (r)dr = 1. In general, by defining
the moments of r as < rn >=
∫
rn f (r)dr, it is easy to
obtain the mean radius
< r >= (1 − p)a + pb, (12)
and the standard deviation
√
< ∆r2 > = |a − b|(p(1 − p))1/2. (13)
Where the relative width, or polydispersity ∆r∗, is then
given by
∆r∗ =
√
< ∆r2 >
< r >
. (14)
Surprisingly, it has been shown [13–16] that as the poly-
dispersity increases, the packing density also increases
as smaller particles can pack more efficiently either by
wrapping around larger particles or by fitting into the
voids created between neighboring large particles.
The packing process is depicted in Fig. 1 for parti-
cles with binary distribution by using a population den-
sity of p = 0.50 and a long-range interaction strength
ε = 10.0 µJ. Snapshots at the instants t = 0.0ms and
t = 10.0ms are shown in this figure. The small par-
ticles (b = 2.0 µm) are rendered in red, while large
ones (a = 4.0 µm) are rendered in blue. The parame-
ters used in the simulations are given in Table 1. We
performed statistical calculations of different quantities
such as packing density, mean coordination number and
kinetic energy as the system evolved over time. To de-
termine the average value of these quantities and esti-
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(a) p = 0.20 (b) p = 0.50
(c) p = 0.70 (d) p = 1.0
Figure 3: Plot of the packing densities φ for different population probabilities p as a function of time (a = 4.0 µm, b = 2.0 µm). Several interaction
strengths ε are considered for each case. Data points are averages over 10 independent realizations.
mate their statistical error, we averaged over 10 inde-
pendent realizations. Furthermore, a smaller virtual box
with an offset distance from each actual wall measuring
5 µm and centered in the bulk region of the aggregate
was also used to eliminate wall effects [36] in these cal-
culations.
In Fig. 2 is shown the time evolution of the average
kinetic energy per particle in the cases p = 0.20 and
p = 0.70 for three different ε values. Similar energy
curves were found for other remaining cases. From this
figure, one can see that the system relaxation was al-
ready achieved around 2.0ms for all ε values consid-
ered. However, the system steady state was reached af-
ter 3.0ms for the case p = 0.20 and after 2.0ms for
the case p = 0.70. The longer equilibration time for
the case p = 0.20 is mainly due to the greater number
of large particles present, which possess more inertia,
bouncing more times after hitting the bottom of the box
until they have their movements halted by the dissipa-
tive forces. That also explains the higher peak seen in
the kinetic energy curves for this case.
The packing densities φ for different p cases, and con-
sidering several long-range interaction strengths ε, are
shown as a function of time in Fig. 3. In this figure,
the φ values are given at short time intervals of 1.0 µs
up to 20ms. At 20ms, the ultimate φ values were ob-
tained for each case. The initial packing densities were
0, 22 for the case p = 0.20, 0, 15 for the case p = 0.50,
0.10 for the case p = 0.70, and 0.26 for the monodis-
persive case (p = 1.0). The packing density minimum
around 2.0ms was due to the first particles’ bouncing
after hitting the bottom base of the box. In all cases,
the ultimate φ values were below π/
√
18 ≃ 0.74 [37],
which corresponds to closest-packing crystal structures,
namely, face-centered cubic (fcc) and hexagonal close-
packed (hcp) structures. As an overall behavior, one
can see that packing density decreases with increasing
p value. This means that when one increases the rela-
tive number of large particles to small ones, it is seen an
increase of the packing density in the formed structures.
This is in accordance with other computational studies
found in literature [22, 38–40]. A similar behavior was
also found for the mean coordination number of the par-
ticles z. The mean coordination number z is the number
5
Figure 4: The ultimate φ values from Fig. 3 as a function of the interac-
tion strength ε for all cases p considered (a = 4.0 µm, b = 2.0 µm). The
solid straight lines are linear fits to data points, whereas the dashed line
is the best non-linear fit according to Eq 19. Error bars were calculated
by averaging 10 independent runs and are not larger than the size of the
plotting symbols.
Figure 5: Plot of the mean coordination number z as a function of the
interaction strengths ε for all cases p considered. Likewise, lines and
error bars are as in Fig. 4.
of neighboring particles that touch a given particle. A
neighboring particle is found when the bond distance
between two particles is equal the sum of their radii.
For both p = 0.20 and p = 0.50 cases, the binary sam-
ples possess relatively higher φ values than monodisper-
sive samples (p = 1.0). These higher φ values for these
cases can be attributed to the existence of a greater num-
ber of large particles in the granular material that either
are wrapped around by smaller particles or create inter-
stices that are filled by these. Furthermore, it is seen that
for the cases p = 0.20 and p = 0.50, there have not been
any meaningful influence of the long-range forces over
the packing observables, namely φ and z.
On the other hand, meaningful effects of the long-
range forces on these observables were only found for
cases p > 0.70; especially for the case p = 1.0. This be-
havior is made clearer by plotting the ultimate values of
φ and z versus ε, as shown in Figs. 4 and 5 concerning
some treated cases. Strikingly, for the cases p = 0.20
and p = 0.50, the slopes of the straight lines that fit
the points are found to be practically zero (∼ 10−5), re-
vealing that the long-range forces are not effective to
influence neither the packing dynamics (see Fig. 3) nor
the ultimate φ and z values. Even for the case p = 0.70,
such forces had very little influence on these processes.
Figs. 6 and 7 display the quantities φ and z against ε for
case p = 0.70, considering different values of the size
ratio λ. Only for samples with λ = 1/2, it was found
a weak ε dependence. Whereas samples with other λ
values were found to be insensitive to the action of the
long-range forces. Conversely, for the monodispersive
case (p = 1.0), the long-range forces had a meaningful
influence on both dynamics and final packing quantities.
For samples generated by distributions with high p val-
ues, the φ values decreased with increasing interaction
strength ε. This behavior is in accordance with exper-
imental results obtained by Forsyth et al [24] and with
prior computational studies [20, 23, 41] for monosized
particles.
Defining the largest relative amplitude for an observ-
able y ≡ φ, z as
δyˆ =
(
ymax − ymin
ymax
)
× 100%, (15)
where ymax and ymin are the maximum and minimum
values of an given observable y, one can have some
information about the effectiveness of the long-range
forces in each case. From the simulation results, we ob-
tained by taking λ = 1/2: δφˆ = 1.66% and δzˆ = 2.25%
for the case p = 0.70; δφˆ = 3.51% and δzˆ = 3.41% for
the case p = 0.80; δφˆ = 13.21% and δzˆ = 8.66% for the
case p = 0.90; and δφˆ = 12.80% and δzˆ = 9.52% for
the case p = 1.0. For remaining cases, the the largest
relative amplitudes δyˆ turned out to be less than 1.0%.
In particular, for the case p = 1.0, the data trend
shown in Figs. 4 and 5 follow a non-linear decrease with
increasing ε value. After attempting different prescrip-
tion models to model these data, better fits seem to be
achieved by using the following expression
y = y0 exp(−βεα), (16)
where α and β are fitting parameters. These parameters
are: α = 2.57 and β = 1.51 × 10−5 for φ (with a least
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Figure 6: Plot of φ against ε for the case p = 0.70 considering different
values of the size ratio λ. Black circles represent the case λ = 1/2 (a =
4.0 µm, b = 2.0 µm), red squares represent the case λ = 1/3 (a = 6.0 µm,
b = 2.0 µm) and blue triangles represent the case λ = 1/4 (a = 8.0 µm,
b = 2.0 µm). The straight lines are linear regressions to data.
Figure 7: Plot of z against ε for the case p = 0.70 considering different
values of the size ratio λ. The symbols and lines are as in Fig. 6.
reduced chi-squared χ2ν = 2.57 and a goodness-of-fit
factor Q = 3.6%); and α = 1.75 and β = 2.03 × 10−4
for z (χ2ν = 2.62 and Q = 3.3%). Such behavior for
φ and z as the long-range force strength increases has
also been corroborated by another computational study
concerning different particle size distributions [27].
The RDF has been widely used to characterize ran-
dom structures of spherical particles [19, 22], where it
can be understood as the probability of finding one par-
ticle at a given distance from the center of a reference
particle. Here we define RDF as
g(ri) =
n(ri)
4π r2
i
δri Z
, (17)
where n(ri) the number of particle centers within the i-
th spherical shell of radius ri and thickness δri. In the
above equation, Z is the normalization factor such that
Nr∑
i=1
g(ri) = 1, (18)
where Nr is the total number of considered spherical
shells. And we set δri = 0.1 µm and Nr = 150 for RDF
computation.
Fig. 8 shows typical RDFs as a function of the radial
distance for the random packing structures by consider-
ing different p values when ε = 10.0 µJ and λ = 1/2
(a = 2.0 µm, b = 4.0 µm). These curves were obtained
by averaging the individual RDFs of all particles inside
the bulk region of the formed particle aggregate. This
bulk region is defined here as a smaller virtual box cen-
tered at the central point of the aggregate and having
an offset distance of 15 µm from each actual wall of
the confining box. From Fig. 8, one can observe three
main peaks in RDF for the bidispersive cases (p < 1.0).
Such peaks are localized around the distances 4 µm,
6 µm and 8 µm. These three peak values correspond
to three different contact types, namely, contact of type
I: smaller particles to smaller particles; contact of type
II: smaller particles to larger particles; and contact of
type III: larger particles to larger particles. For the case
p = 0.20, contacts of type III are more frequently found;
for the case p = 0.50, contacts of type II are more fre-
quently found; and for the case p = 0.7, the contacts
of type I happen more frequently. While for the case
p = 1.0, it is seen the well-known peaks localized at
the distances 4 µm and close to 4
√
3 µm (split second
peak), which corresponds to spheres arranged in pairs
of coplanar equilateral triangles which share a common
edge [42].
In order to check the influence of the long-range
forces on the final packing structures, we calculated
the RDFs of these structures for most outstanding cases
p = 0.70 and p = 1.0, both when ε = 0 µJ, which means
absence of long-range interactions, and when ε = 35 µJ,
which constitutes the highest considered long-range in-
teraction strength. Figs. 9 and 10 show the RDFs for
the cases p = 0.70 and p = 1.0, respectively. One can
see that the general shape of the RDFs reflects the binary
particle distribution for each case, where little signifi-
cant changes were found when taking either ε = 0 µJ or
ε = 35 µJ in the simulations. For the case p = 1.0, how-
ever, it is easier to see that the peak values are slightly
diminished by the action of the long-range forces in
comparison to when such forces are absent. In fact,
the more large particles are present in the binary par-
7
Figure 8: Typical RDF of the random packing structures formed by using different p values when ε = 10.0 µJ and size ratio λ = 1/2 (a = 4.0 µm,
b = 2.0 µm). The above panels display the cases: a) p = 0.20; b) p = 0.50; c) p = 0.70; and d) p = 1.0.
ticle packing, the more attenuated are the effects of the
long-range forces. Thus one could efficiently mitigate
the effects of the long-range forces during packing pro-
cesses by decreasing the population density p of small
particles, at least within the specific conditions assumed
here.
For further analysis, it is also desirable to understand
how the long-range forces change the orientational or-
der of the formed structures. To accomplish that, let us
first define a local structural parameter sensitive to or-
dering as
ψli,m =
K
nb
nb∑
j=1
Ylm(θi j, ϕi j), (19)
where ψl
i
is a complex vector with |m| ≤ l components
assigned to every particle i in the system. In Eq.19, the
sum runs over all nb nearest neighbors of the particle i
and K is a normalization constant so that the complex
inner product
∑
m
ψl
i,m ψ
l∗
i,m = 1. For a given particle pair
(i, j), Ylm(θi j, ϕi j) is the spherical harmonic associated
with the bond vector ~ri j connecting this pair, being θi j
and ϕi j the according polar angles of this vector relative
to some fixed coordination system. In order to check
for both cubic symmetry (e.g., fcc and bcc structures)
and icosahedral symmetry, we have taken l = 6 (and
−6 ≤ m ≤ 6) in Eq. 19. Thus we deal with N 13-element
complex vectors for bond-ordering analysis.
Once the order parameter ψl
i
has been defined, further
information about the bond-orientational order can be
obtained from the orientation pair correlation function
given by
G6(~r) =
∑
m
< ψl=6i,m (
~0)ψl=6j,m(~r)
∗ >. (20)
In the above equation, the angular brackets indicate
an average over all particles separated by ~r in the bulk.
It is known that the “bond” between any two particles
i and j is recognized as crystal-like if G6(~r) > 0.5 [36,
43]. Thus we can check for crystallization, as well as
changes in the ordering of the particles, due to the action
of the long-range forces by computingG6 as a function
of the radial distance between particles.
Figs. 11 and 12 display G6 as a function of the ra-
dial distance, respectively, for the cases p = 0.70 and
p = 1.0. We can observe that high values of G6 are
localized between the last two main RDF peaks for the
case p = 0.70 (see Fig. 9), and between first and sec-
ond sub-peaks at the split second peak of RDF for the
case p = 1.0 (see Fig. 10). For the case p = 0.70,
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Figure 9: RDFs of the random packing structures formed for the case
p = 0.70, considering two different ε value with a size ratio of λ = 1/2
(a = 4.0 µm, b = 2.0 µm). The black line represents RDF when ε = 0 µJ
(absence of long-range interactions) and the red line represents RDF
when ε = 35 µJ (the maximum ε value considered).
Figure 10: RDFs of the random packing structures formed for the case
p = 1.0, considering two different ε value and particle radius equals to
2.0 µm. The lines are as in Fig. 9.
Figure 11: Orientation pair correlation function G6 as a function of the
radial distance for the case p = 0.70, considering two different ε value
with a size ratio of λ = 1/2 (a = 4.0 µm, b = 2.0 µm). The black
line represents G6 when ε = 0 µJ and the red line represents G6 when
ε = 35 µJ.
Figure 12: Orientation pair correlation function G6 as a function of the
radial distance for the case p = 1.0, considering two different ε value
and particle radius equals to 2.0 µm. The lines are as in Fig. 11.
G6 converges to an asymptotic average value of 0.06
when ε = 0 µJ, and of 0.07 when ε = 35 µJ. While
for the case p = 1.0, G6 converges to an asymptotic av-
erage value of 0.05 when ε = 0 µJ, and of 0.04 when
ε = 35 µJ. It is interesting to observe the overall ef-
fect of the long-range forces over the bond-orientational
order of the samples. For the monodispersive case, the
action of these forces has, on average, reduced the bond-
orientational order of the samples. In contrast, these
forces have enhanced the bond-orientational order of the
samples for the bidispersive case.
Finally, it is important to stress that the present re-
sults obtained through particle sedimentation mecha-
nism may be different from those obtained by using
other methods. By changing the protocol for generat-
ing such packings, one may obtain slightly different re-
sults. For instance, it is known that packings generated
through collective rearrangement methods have given
higher packing densities [38, 39].
4. Conclusions
In this study, MD simulations were performed to
study the random close packing of spherical particles at
micrometer scales. Both contact forces and long-range
dispersive forces were taken into account in these sim-
ulations. Several cases of the binary size distribution
were treated by changing different control parameters
for constructing the samples, such as population density
p, size ratio λ, and long-range interaction strength ε.
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The packing dynamics was studied by evaluating over
time different physical observables, including the pack-
ing density, mean coordination number, and kinetic en-
ergy. Furthermore, RDF and orientation pair correla-
tion function were calculated to characterize the particle
structures were formed over different values of the long-
range interaction strength ε. It was found that packing
dynamics is quite sensitive to both changes in p and
λ values; nevertheless, being practically insensitive to
changes in ε values for most of the studied cases.
Only for cases above p = 0.70, there were an effec-
tive influence of the long-range forces on packing pro-
cesses. In particular, for the case p = 0.70 with λ = 1/2
was observed a weak influence of the long-range forces.
While for the case p = 1.0 was observed the strongest
influence of these forces on packing processes. Both
the packing density φ and mean coordination number z
gradually decayed as the ε value increased in a different
way for each case. For the case p = 0.70, both φ and z
decreased linearly with increasing ε value, while for the
case p = 1.0, these quantities decreased non-linearly
with increasing ε value.
The general shape of the obtained RDFs reflected the
binary distribution of the particles for each case, where
it was practically unchanged by the long-range inter-
action forces for most treated cases. However, for the
case p = 1.0 was clearer to notice the influence of these
forces on the rearrangement of the particles during the
formation of the final packing structure. The RDF peaks
were slightly diminished by the action of the long-range
forces in comparison to when such forces were absent
during the packing process. Furthermore, it was ob-
served that the particle bond-orientational order is quite
sensitive to the action of the long-range forces. These
results may indicate that long-range forces hinder these
processes by creating both additional voids and local
particle clusters in the bulk of the formed structures.
In the present study was shown that the packing dy-
namics of particles with binary size distribution is quite
resilient with respect to increases of the long-range
forces, irrespective of the different λ values considered.
Striking exceptions are the cases with high p values, es-
pecially p = 1.0, where long-range forces were able
to strongly influence the packing processes, particularly
affecting quantities as packing density, mean coordina-
tion number and orientation pair correlation function.
This is important because of its potential application to
the development and fabrication of novel materials such
as in sintering of both metallic powders and ceramics,
and in modeling the atomic structure of amorphousmet-
als composed of similar-sized atoms as in binary alloys.
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